7-(2-ethyltiophenyl) theophylline was used as copper corrosion inhibitor in 1M HNO 3 solution. The study was performed using mass loss, scanning electron microscopy (SEM) and Density Functional Theory (DFT) methods. The results show that the inhibition efficiency increases up to 91.29% with increase of the inhibitor concentration (from 0.05 to 5 mM) but decreases with raising temperature of the solution. Copper dissolution was found to be temperature and 7-(2-ethyltiophenyl) theophylline concentration dependent. The thermodynamic functions related to the adsorption of the molecule on the copper surface and that of the metal dissolution were determined. The results point out a spontaneous adsorption and an endothermic dissolution processes. Adsorption models including Langmuir, El-Awady and Flory-Huggins isotherms were examined. The results also suggest spontaneous and predominant physical adsorption of 7-(2-ethyltiophenyl) theophylline on the metal surface which obeys Langmuir isotherm model. Further investigation on the morphology using scanning electron microscopy (SEM) has confirmed the existence of a protective film of inhibitor molecules on copper surface. Furthermore, the global and local reactivity parameters of the studied molecule were analyzed. Experimental and theoretical results were found to be in good agreement.
Experimental

Copper Specimen
The samples of copper used in this study were in the form of rods with 10 mm as 
Reagents
The structure of 7-(2-ethyltiophenyl) theophylline has C 15 H 16 N 4 O 2 S as formula. It is a kaki color powder provided by the Laboratory of Organic Chemistry and Natural Substances, Felix Houphouet-Boigny University. Its molecular structure was identified by 1 Commercial nitric acid of purity 65% was purchased from Pan Reac AppliChem.
Solution Preparation
1M HNO 3 solutions without or with different concentrations of 7-(2-ethyltiophenyl) theophylline ranging from 0.05 to 5 mM were then prepared.
Mass Loss Measurement
Before each measurement, the copper samples were mechanically abraded with different grade emery papers (1/0, 2/0, 3/0, 4/0, 5/0, and 6/0). The specimens were washed thoroughly with bidistilled water, degreased and rinsed with acetone and dried in an oven. Mass loss measurements were performed in a beaker of 100 mL capacity containing 50 mL of the test solution. The immersion time for mass loss was 1h at a given temperature. In order to get good reproducible data, parallel triplicate experiments were conducted accurately and the average mass loss was used to evaluate the corrosion rate (W), the degree of surface coverage (θ) and the inhibition efficiency (IE) using Equations (1)-(3) respectively:
where W 0 and W are the corrosion rate without and with inhibitor respectively, m 1 and m 2 are the mass before and after immersion in the corrosive aqueous solution respectively, S is the total surface of the copper specimen and t is the immersion time.
Scanning Electron Microscopy
The scanning electron microscopy (FEG SEM, SUPRA 40 VP, ZEISS, Germany) 
Quantum Chemistry
To calculate the ground-state energy and the physical properties of 7-(2-ethyltiophenyl) theophylline, the Gaussian 09 W package [24] was used. The molecular structure was optimized to a minimum without symmetry restrictions using B3LYP exchange correlation functional, a combination of the Becke three parameter hybrid functional [25] with the correlation functional of Lee, Yang and
Parr [26] [27] associated to 6-31 G (d, p) basis set [28] . Figure 1 presents the optimized structure of 7-(2-ethyltiophenyl) theophylline. Density functional theory has been proved to be successful in providing theoretical basis for chemical con- For N-electrons system with total energy E, the electronegativity is given by Equation (4):
where P µ and ( ) v r are the chemical and external potentials respectively. The chemical hardness η which is defined as the second derivative of E with respect to N is then given by Equation (5):
The global softness S is the inverse of the global hardness as seen in Equation 
According to Koopman's theorem [29] , the ionization potential I can be approximated as the negative of the highest occupied molecular orbital (HOMO) energy:
The negative of the lowest unoccupied molecular orbital (LUMO) energy is related to the electron affinity A:
The electronegativity was obtained using the ionization energy I and the electron affinity A as given in Equation (9):
The hardness which is the reciprocal of the electronegativity was obtained by Equation (10):
When the organic molecule is in contact with the metal, electrons flow from the system with lower electronegativity to that of higher electronegativity until the chemical potential becomes equal. The fraction of electrons transferred, ΔN, was estimated according to Pearson [30] :
In this study, we used theoretical values of Cu χ and Cu η (
4.98
Cu χ = eV [31] and 0 Cu η = [32] ).
The global electrophilicity index, introduced by Parr [31] is given by Equation (12):
The local selectivity of a corrosion inhibitor [33] is generally assessed using Fukui functions. Their values are used to identify which atoms in the inhibitor are more prone to undergo an electrophilic or nucleophilic attack. The change in electron density [34] is the nucleophilic and electrophilic Fukui functions, which are defined as:
where N and ( ) (14)- (15) respectively:
In these equations ( ) 
Results and Discussion
Effect of Concentration and Temperature
The corrosion rate curves of copper without and with the addition of 7-(2-ethyltiophenyl) theophylline in 1M HNO 3 at different temperatures are shown in Figure 2 . These curves indicate that corrosion rate of copper in the studied medium, increases with increasing temperature of the solution. But this evolution is moderated when the concentration of the studied inhibitor increases, revealing the effectiveness of the molecule as a corrosion inhibitor for copper in 1M
HNO 3 . These results could be interpreted as the formation of a film barrier which isolates the metal from its aggressive environment.
For the temperature range studied, the inhibition efficiency (IE) increases with the increase in inhibitor concentration until a value of 91.29% for the concentration of 5 mM at 303 K ( Figure 3 ).
As highlighted in Figure results is that the increasing inhibitor's concentration reduces the copper exposed surface to the corrosive environment through the increasing number of adsorbed molecules on its surface which hinders the direct acid attack on the metal surface [36] . Furthermore, it has been reported [37] that the decrease in inhibition efficiency with increase in temperature indicates that the process of adsorption of the inhibitor on the corroding metal surface is physical adsorption.
Adsorption Isotherms
The basic information on the interaction between the inhibitor and the metal can be provided by the adsorption isotherm. The adsorption isotherms tested in this work are the models of Langmuir, Temkin, Freundlich, El-Awady and Flory Huggins. By fitting the degree of surface coverage (θ) and the inhibitor concentration (Figure 4 ), the best adsorption isotherm obtained graphically is Langmuir adsorption isotherm with a strong correlation (R 2 > 0.999) and the slopes of the straight lines are close to unity. The obtained Langmuir adsorption parameters for different temperatures are displayed in Table 1 .
Given that the correlation coefficients (R 2 ) and the slopes are very close to unity (Table 1) , the studied inhibitor adsorbs on copper surface through Langmuir isotherm model.
The values of adsorption equilibrium constant K ads were obtained from the intercepts of the straight lines on the C inh /θ-axis. K ads is related [38] to the standard free adsorption energy 
Thermodynanmic Adsorption Parameters
The calculated values of 0 ads G ∆ are presented in Table 2 .
In this work, the calculated values of an exothermic process. Literature [42] pointed out that an exothermic process signifies either physisorption or chemisorption while an endothermic process is associated to chemisorption. Therefore this result confirms that the adsorption process is both consistent with physisorption and chemisorption. The positive values of 0 ads S ∆ denote a disorder, probably due to desorption of water molecules.
Effect of Temperature and Thermodynamic Activation Parameters
Temperature is an important parameter in metal dissolution studies [43] . Activation parameters are also of great importance in the study of the inhibition processes. The kinetics functions for the dissolution of copper without and with various concentrations of the tested compound are obtained [44] 
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In these equations, a E is the activation energy, k is the Arrhenius pre-exponential factor; h is the Planck's constant, ℵ is the Avogadro number, Table 3 .
From Table 3 process. The shift towards positive value of entropy change (ΔS) implies that the activated complex in the rate determining step represents dissociation rather than association, meaning that disordering increases on going from reactants to the activated complex [48] .
Surface Characterization
Scanning electron micrographs of copper surface before and after immersion in 1M HNO 3 without and with inhibitor are shown in Figures 8(a) -(c).
As presented in Figure 8 (a), the metallic sample before immersion in 1M
HNO 3 seems smoother and shows fewer pits and cracks. environment, confirming the earlier gravimetric results.
Quantum Chemical Calculations
Global Reactivity
According to the frontier molecular orbital (FMO) theory of chemical reactivity, transition of electron is due to interaction between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of reacting species. E HOMO [49] measures the tendency towards the donation of electron by a molecule whereas E LUMO indicates the ability of the molecule to accept electrons.
The binding ability of the inhibitor to the metal surface [49] increases with increasing of the HOMO and decreasing of the LUMO energy values. The calculated quantum chemical and reactivity parameters are displayed in Table 4 . of the system. In our study, the electronegativity of the studied molecule 
Local Reactivity
Local reactivity descriptors including atomic charges, condensed Fukui functions and local softness indices are collected in Table 5 .
The analysis of Table 5 indicates that according to the Fukui theory of reactivity, (16 C) is the nucleophilic attacks center (highest value of k f + ) when (30 C) is the electrophilic attacks center (highest value of k f − ).
Conclusions
From the results and findings of this study, the following conclusions can be drawn:
• The results obtained from gravimetric method indicate that 7-(2-ethyltiophenyl) theophylline is a good inhibitor for copper corrosion in 1M HNO 3 ; • The inhibition efficiency of 7-(2-ethyltiophenyl) theophylline is concentration and temperature dependent; 
